INTRODUCTION
Therapeutic proteins or polypeptides can be formulated into various particulate delivery systems including the polymeric carriers to avoid rapid degradation and to maintain the sustained release for better therapeutic effects (1) . Poly (lactic/glycolic) acid (PLGA) micro/nanoparticle is a widely used formulation agent because of its good biodegradability, biocompatibility, and approved clinical usage, which have been available in the market to treat prostate cancer, acromegaly, periodontal disease, and pediatric growth hormone deficiency (2) . The sustaining and complete release of proteins in their native or active forms from the PLGA micro/ nanoparticles is often a challenging task (3) . Proteins are generally formulated into PLGA nanoparticles by water/oil/ water double-emulsion-solvent evaporation method, which generates hydrophilic/hydrophobic interface that may result in the unfolding or denaturing of protein molecules (4) . Thus, polymeric surfactants are usually used to lower surface tension of protein solutions and to prevent aggregation of protein molecules at hydrophobic surface (1) .
Polyvinyl alcohol (PVA) is a widely used polymeric surfactant in the exterior aqueous phase as an emulsifier. However, the safety of PVA still appears to be a concern from the previous literature reports (5, 6) . Following repeated subcutaneous or intravenous administrations of PVA, various organ lesions and hypertension have been reported in rats, and central nervous system depression and anemia followed by renal damage have also been reported in beagle dogs; whereas, orally administered PVA is relatively harmless in mice or rat (5, 6) . Therefore, residual PVA was always removed by washing procedures such as repetitive centrifugation (7) or filtration (8), which removes not only the PVA but also the unencapsulated proteins or polypeptides, which might be often valuable or hard to collect. Hence, a few substituting emulsifiers have been studied. For example, poly (ethylene glycol) (PEG) was used successfully as the stabilizer to prepare enzyme-loaded PLGA microparticles (9) . Besides, surfactant-free formulation was achieved by nanoprecipitation/solvent-displacement method that would not alter surface properties of PLGA nanoparticles, but this method may suffer the low encapsulation efficiency when low protein concentration solution is to be used (10) .
In the present study, we introduced another surfactantfree method to prepare PLGA nanoparticles encapsulating polypeptides by double-emulsion-solvent evaporation method. We used sucrose as the stabilizer of the exterior aqueous phase to prevent aggregation of PLGA nanoparticles during formulation process. Nerve growth factor (NGF), a small secreted protein which can induce the differentiation and survival of particular target neurons, was used as the model protein. As sucrose is a nontoxic material, additional washing procedures are not necessarily needed for NGF-loaded PLGA nanoparticles, and thus, the valuable NGF loss can be minimized. The release of functional NGF molecules from these nanoparticles was verified by either the antibody recognition in enzyme-linked immunosorbent assay (ELISA) method or the induction on the neurite outgrowth of PC-12 cells.
MATERIALS AND METHODS

Materials
Recombinant rat β-NGF (molecular weight 13.2 kDa), mouse anti-beta III tubulin, and NGF ELISA kit were purchased from R&D Systems (Minneapolis, USA). PLGA (50:50, molecular weight 40,000-75,000) and PVA (molecular weight 30,000-70,000) were purchased from Sigma-Aldrich (St. Louis, USA). FITC-conjugated AffiniPure goat antimouse IgG was purchased from Jackson immunoresearch (West Grove, USA). RPMI1640 medium was purchased from Gibco (Carlsbad, USA). Fetal bovine serum was from Hyclone (Logan, USA). All other reagents were of analytical grade.
Preparation of NGF-loaded PLGA Nanoparticles
NGF-loaded PLGA nanoparticles in sucrose solution (NGF-PLGA-sucrose) or those in PVA solution (NGF-PLGA-PVA) were prepared by the double-emulsion-solvent evaporation method. The first emulsion was carried out as previously reported with modifications (11) . Briefly, 25 μl of 0.5 mg/ml NGF and 0.5 mg/ml BSA solution in 8 mM citrate buffer (pH=8.0) containing 5% (2-hydroxypropyl)-β-cyclodextrin, which was reported to be able to reduce loss of protein activity in interior water phase (11), was added into 250 μl of PLGA solution in methyl chloride (2 mg/ml) and then sonicated on ice by 5 W with a microtip sonicator (Misonix, Framingdale, USA) for 15 s. The first emulsion was immediately dropped into 1.5 ml of 10% sucrose or 1% PVA solution and sonicated on ice by 5 W for 20 s to form the second emulsion. The organic solvent within the emulsion was removed under a controlled evaporation rate (820 hPa for 10 min, followed by 700, 650, 550, and 350 hPa for 5 min each and decreased to 30 hPa for additional 10 min) by using a rotary evaporator equipped with a vacuum controller (EYELA, Tokyo, Japan). The obtained particle solution was then centrifuged at 3,000 rpm for 10 min to remove residual polymer or aggregates.
Characteristics Analyses of NGF-loaded PLGA Nanoparticles
Hydrodynamic diameter and zeta potential of NGF-PLGA-sucrose and NGF-PLGA-PVE were measured by 90Plus particle sizer and ZetaPALS (Brookhaven, New York, USA) equipped with a 660-nm laser. The measured delay time correlation functions were fitted to NNLS model to calculate particle size distribution. All results were acquired in triplicates. Morphology of NGF-PLGA-sucrose and NGF-PLGA-PVA was observed by transmission electron microscope (TEM; Hitachi, Tokyo, Japan) with acceleration voltage at 80 kV.
In Vitro Release Analyses of NGF
To investigate the release profile of NGF from the PLGA nanoparticles and degradation kinetics of nonformulated NGF in cell culture circumstance, 20 μg/ml NGF-PLGA-sucrose (equivalent 500 ng/ml NGF with 30.8 ng/ml unencapsulated NGF), 20 μg/ml NGF-PLGA-PVA (equivalent 500 ng/ml NGF with 30.1 ng/ml unencapsulated NGF), and 30 ng/ml nonformulated NGF were incubated in 200 μl culture medium. These samples were shaken at 50 rpm at 37°C. At different time points, each 200 μl incubated medium was collected and filtrated by 0.1 μm syringe filter (Millipore MILLEX®VV, Bedford, USA) to remove nanoparticles and collect released or free NGF. The released NGF concentration was then determined by a NGF ELISA kit. The NGF encapsulation efficiency was calculated by the following formula: total feed NGF À unencapsulated NGF ð Þ =total feed NGF Â 100% .
PC-12 Cell Culture and Induction of Neurite Outgrowth
PC-12 cells were maintained in RPMI1640 medium supplemented with 10% fetal bovine serum, 1 mM sodium pyruvate, 10 mM HEPES, and 1% penicillin streptomycin.
To evaluate biological function of NGF-PLGA-sucrose, cells were seeded onto poly-D-lysine coated glass slide in 24 wells at the density of 4×10 4 cells/well. After incubation overnight, the cells were treated with either the NGF-PLGAsucrose (equivalent 500 ng/ml NGF with 30.8 ng/ml unencapsulated NGF) or the nonformulated NGF (30 ng/ml) Fig. 1 . TEM images of a NGF-PLGA-sucrose and b NGF-PLGA-PVA. Scale bars, 500 nm were mounted, and the results were observed by fluorescence microscope (Nikon, Kanagawa, Japan)
RESULTS
The NGF-PLGA formulated in either PVA or sucrose solution was well-dispersed and spherical in shape (Fig. 1) . Characteristics of NGF-PLGA-sucrose and NGF-PLGA-PVA were reported in Table I . NGF-PLGA-sucrose was larger in size and broader in size distribution than NGF-PLGA-PVA. Both NGF-PLGA-sucrose and NGF-PLGA-PVA had high NGF encapsulation efficiency of 94%. Because there was no washing procedure after PLGA nanoparticle preparation, both NGF-PLGA-sucrose and NGF-PLGA-PVA had unencapsulated NGF, whose concentrations were 30.1 ng/ml at day 0 in the release experiment (Fig. 2) . NGF, released from both NGF-PLGA-sucrose and NGF-PLGA-PVA was maintained at the concentrations above 20 ng/ml and 12 ng/ml, respectively, within the first 9 days. Afterwards, NGF released from NGF-PLGAsucrose that can still be maintained at an average concentration of 16 ng/ml for the following two months, which was significantly higher than that (9 ng/ml) of the NGF released from NGF-PLGA-PVA. Since the nonformulated NGF activity degraded rapidly from 28 to 2 ng/ml within one Fig. 2 . In vitro release profiles of NGF from NGF-PLGA-sucrose (square) and NGF-PLGA-PVA (filled circle) in cell culture medium at 37°C. Inset showed degradation kinetics of nonformulated NGF (asterisk) in the same condition Fig. 3 . NGF-PLGA-sucrose prolonged NGF-induced neuron-like morphology of PC-12. Scale bars, 100 μm day (Fig. 2 inset) , the measured NGF concentration in NGF-PLGA-sucrose and NGF-PLGA-PVA could be considered as released amount from PLGA nanoparticles.
To confirm the biological function of the released NGF molecules, the PC-12 cells were treated with either the NGF-PLGA-sucrose or the nonformulated NGF. NGF is a trophic factor that is commonly used to study the effect in inducing differentiation and neurite outgrowth of PC-12 cells. The neurite outgrowth processes can be seen on day 3 after the treatments, and more extended processes of PC-12 cells can be observed on day 7 (Fig. 3a, b) . However, the PC-12 cells treated with the nonformulated NGF began to withdraw their processes on day 9 and became unattached on day 14 (Fig. 3c) due to the fast degradation of NGF. In the NGF-PLGA-sucrose treatment, PC-12 cells remained the same neuron-like morphology (Fig. 3d ) till day 14, probably due to sustaining release of functional NGF from the nanoparticles.
DISCUSSION
The negative surface charge of −36.6 mV (Table I ) and the TEM image (Fig. 1a) illustrated by a good dispersity and stability of NGF-PLGA-sucrose, which suggested that sucrose could be used as a stabilizer during preparation of PLGA nanoparticles. However, the use of sucrose seemed to result in a larger size distribution probably because it lacks of the amphiphilic property of surfactants, which provide better emulsion stability during formulation process. Since NGF molecules usually degrade rapidly, the maintenance of high NGF concentration (Fig. 2) and function (Fig. 3) suggest that NGF could be well protected and sustained release from PLGA nanoparticles for months. When preparing NGF-PLGA-sucrose, washing procedure was not necessary because the unencapsulated NGF could be reserved to act its function in the beginning. Washing procedure can be skipped in this method because residual NGF is useful, as well as the residual sucrose is safe and would be diluted to a low concentration of about 0.5% while being applied in cell experiment or further application in vivo. Without the washing procedure, the processing of formulation can be shortened, and thus, the possible protein activity loss can be diminished. Moreover, sucrose can serve as a good cryoprotector when the formulation has to be stored at low temperature (12) . The surfactant-free method may also reduce the possible side effects from the use of surfactants, which may be concern biocompatibility and biodegradability and reduce the alteration of nanoparticle surface properties from their irreversible incorporation in the nanoparticles (13) .
It had been reported that sucrose could increase the viscosity of water-in-oil-in-water multiple emulsion resulting in a better stability of emulsion system (14) . It is, thus, possible that high viscosity of sucrose solution stabilized the double-emulsion of NGF-PLGA-sucrose during formulation. After vacuum-assisted solvent evaporation and PLGA solidification, the negative surface charge owing to the carboxyl group of PLGA stabilized the PLGA nanoparticles.
Neurotrophic growth factors have been encapsulated into PLGA nano/micro particles as a delivery system (15, 16) . Such sustaining release of neurotrophins provide stable or prolonged effective dose, which would be coming from repetitive administrations if the nonformulated neurotrophins are used. Although NGF has been reported to be formulated into PLGA microparticles with optimal encapsulation yields and broad applications (17, 18) , our submicron formulations may have alternative applications in which the sizes of the particles are important and critical such as the size-dependent cellular uptake efficiency (19) .
CONCLUSIONS
We introduced a surfactant-free method for the formulation of PLGA nanoparticles encapsulating proteins or polypeptides. In this method, no washing procedure is used, which not only simplifies the protocol but also prevents the protein loss which is usually accompanied by the washing procedure. This method also has high encapsulation efficiency and sustaining release of functional proteins. In the future, it may be useful for other investigations involving PLGA nanoparticles loading proteins or polypeptides.
